Nine normotensive and 7 borderline hypertensive women were studied to investigate the effects of an acute bout of resistance exercise on recovery blood pressure. The investigation was conducted over 3 sessions. During the first session, subjects were assessed for muscular strength while performing the following exercises: chest press, seated leg press, biceps brachii curl, knee extension, and triceps brachii extension. In a subsequent session, subjects completed 3 circuits of the aforementioned exercises at 50% (15 repetitions) of the estimated 1 repetition maximum (1RM), followed by a 60-minute recovery period. Systolic (SBP) and diastolic (DBP) pressures were assessed via auscultation at 10-minute intervals throughout the recovery period. Subjects were also monitored in a similar manner on a control day in which exercise was excluded. The data were analyzed using a 3-way analysis of variance (ANOVA) with a predetermined alpha level of p Յ 0.05. Women in the borderline hypertensive group exhibited higher SBP (126.5 Ϯ 3.1 mm Hg) and higher DBP (85.4 Ϯ 1.8 mm Hg) than their normotensive counterparts (103.5 Ϯ 2.7 mm Hg; 69.3 Ϯ 1.6 mm Hg) throughout the study. SBP was significantly lower during recovery from the exercise session (113.8 Ϯ 2.1 mm Hg) compared with the control session (116.1 Ϯ 2.1 mm Hg). DBP did not vary between sessions. Although blood pressure was higher in borderline hypertensive subjects, the response of both groups during seated recovery was the same. In conclusion, a single bout of resistance exercise appears to invoke a slight systolic hypotensive response during recovery in normotensive and borderline hypertensive women.
Introduction
A pproximately 1 in 4 Americans is afflicted with hypertension, a condition that is associated with the development of heart disease, stroke, and renal dysfunction. Chronic aerobic exercise is accepted as an effective nonpharmacological means for reducing blood pressure (1, 20) . Several investigators have reported a transient reduction of blood pressure following a single bout of aerobic exercise (3, 9, 13, 18) . The lowering effect of acute aerobic exercise on blood pressure has been observed to persist anywhere from 1 to 12 hours (14) .
The presence and magnitude of postexercise hypotension may to some extent depend on the health status of the individual. A reduction in blood pressure has been observed following aerobic exercise in normotensive and hypertensive subjects (3, 10, 13, 19) . Although documented in both populations, postexercise hypotension is more pronounced with respect to magnitude and duration in individuals with hypertension compared with those with normal blood pressure (3, 10) . Other researchers have compared these populations and found that normotensive subjects fail to exhibit a significant drop in recovery blood pressure, which is seen in hypertensive subjects (5, 7, 17) .
The effect of resistance exercise on recovery blood pressure is not well understood. Findings of the few studies that have been conducted are conflicting. Brown et al. (4) reported a brief reduction in diastolic blood pressure (DBP) for 15 minutes following upperand lower-body resistance exercise at 40 and 70% of the 1 repetition maximum (1RM). In a separate study, unilateral leg exercise at 65% of the 1RM produced a sustained hypotensive response in systolic blood pressure (SBP) through 60 minutes of recovery (15) . Hill et al. (11) observed a dramatic fall in both SBP and DBP immediately following arm and leg exercise at 70% of the 1RM. Both indices of blood pressure returned toward baseline levels within 1 minute from cessation of exercise, but remained slightly depressed throughout the 60-minute recovery period. In contrast, O'Connor et al. (16) failed to induce a hypotensive response in either SBP or DBP following upper-and lower-body exercise at 40, 60, and 80% of the 1RM.
The subject population may in part explain contradictory findings with respect to recovery blood pressure following an acute bout of resistance exercise. Thus far, studies addressing this question have focused on young normotensive individuals. As indicated in the literature on aerobic exercise, the normotensive population does not consistently demonstrate postexercise hypotension. A comparison between normotensive and hypertensive subjects may clarify the blood pressure response following anaerobic exercise. Therefore, the purpose of this study was to examine the effect of an acute bout of moderate resistance exercise on blood pressure in normotensive and borderline hypertensive women.
Methods

Subjects
Sixteen women between the ages of 37 and 55 years volunteered for this study. All subjects were physically active, and most had recent experience in moderate resistance exercise. Subjects were categorized as either normotensive (n ϭ 9) or borderline hypertensive (n ϭ 7) according to baseline blood pressure measured at seated rest. Borderline hypertension was defined as an average SBP between 130 and 159 mm Hg and/or DBP between 85 and 99 mm Hg, which encompass 'high normal' and 'stage 1 mild hypertension' as defined by the Joint National Committee on Detection, Evaluation, and Treatment of High Blood Pressure (12) . Individuals receiving antihypertensive medication were excluded from the study. Any positive history for cardiovascular disease or a significant orthopedic condition was also considered as a basis for exclusion from the study. Prior to participation in the research project, each subject completed a medical history questionnaire and signed a written informed consent. All methods and procedures were approved by the Institutional Review Boards of Montclair State University and Atlantic Health System's Mountainside Hospital.
Procedures
The study was carried out over 3 sessions, each separated by a minimum of 48 hours. During the preliminary session, subjects were evaluated for baseline strength using a 10RM. In a subsequent session participants performed 3 circuits of moderate resistance exercise followed by 60 minutes of seated recovery, at which time blood pressure was monitored at 10-minute intervals. Subjects were also monitored for 60 minutes on a separate day in which exercise was excluded. The nonexercise session acted as the control session. All sessions took place in the early afternoon to control for diurnal variation in blood pressure. Subjects were instructed to refrain from exercise and consumption of caffeine or alcohol on the days of testing.
The research project was conducted in the Cardiovascular Fitness Facility at Atlantic Health System's Mountainside Hospital and in the Fitness Center at Montclair State University. Each subject was tested exclusively at 1 of the 2 sites. Eleven of the 16 subjects were tested at Mountainside Hospital using the Pacific Catalina Weight Machine to perform the resistance exercise. The remaining 5 participants completed the resistance exercise at Montclair State University on variable resistance machines distributed by the Paramount Corporation.
Baseline blood pressure was assessed via auscultation of the first and fifth Korotkoff sounds at the beginning of each session. Subjects sat quietly for 5 minutes before blood pressure was measured. The mean of 2 blood pressures, separated by 2 minutes, was used as the baseline for each session. An average of the baseline blood pressures over the 3 sessions was used to classify subjects as either normotensive or borderline hypertensive.
Preliminary Session. At the beginning of this session, subjects were assessed for baseline blood pressure as described above. Measures of height and weight were also obtained at this time. Subjects were then instructed to perform a warm-up consisting of 5 minutes of cycling, static stretching, and a set of light resistance exercise. At this point each subject was evaluated for strength using a 10RM on 5 exercises in the following order: seated chest press, seated leg press, seated biceps brachii curl, knee extension, and standing triceps brachii extension. The initial trial for the 10RM was performed at 50% of the estimated 10RM value. Additional weight was progressively added through 3-5 trials until the subject could no longer perform the lift for 10 repetitions. Subjects were given a 3-minute recovery period between trials to ensure adequate recuperation. Blood pressure was also monitored immediately following each trial to ensure that it remained within safe limits (Ͻ220/110 mm Hg). None of the subjects reached this criterion for termination of exercise. The 10RM value was applied to a conversion table (2) to obtain an estimate of the 1RM for each exercise.
Exercise Session. This session started with the determination of baseline blood pressure followed by a warm-up similar to that described in the preliminary session. Each subject performed 3 circuits of the 5 exercises in the order indicated above. The load was assigned at 50% of the estimated 1RM for 15 repetitions. The ratio of exercise to rest was approximately 1 to 1 with a 30-second rest between exercises. A 2-minute rest period was provided between circuits. Immediately following completion of the third circuit, the subjects assumed a seated position in a quiet room for 60 minutes. Serial measurements of blood pressure were taken at 10-minute intervals throughout the recovery period.
Control Session. The control session was identical to the exercise session except for the exclusion of warm- up and the 3 circuits of resistance exercise. As with the other sessions, the control session began with the determination of baseline blood pressure. Subjects then remained seated for an additional 60 minutes as blood pressure was monitored at 10-minute intervals.
Statistical Analyses
Descriptive characteristics of normotensive and borderline hypertensive subjects were compared with the independent group's t-tests. Baseline blood pressure between the exercise and control sessions was evaluated with a paired t-test. A 2 ϫ 2 ϫ 7 analysis of variance (group ϫ session ϫ time; ANOVA) was computed to compare recovery blood pressures with baseline and during the exercise and control sessions in both groups. The main effect for time was evaluated post hoc with the Dunnett test, which compared measures of recovery against baseline. The alpha level was set at p Յ 0.05 as criteria for statistical significance. All values are expressed as means and their SE.
Results
Subject characteristics for both groups are presented in Table 1 . The borderline hypertensive group was significantly (p Ͻ 0.05) higher in body weight, mean baseline SBP, and mean baseline DBP compared with the normotensive group. Seven of the 16 subjects were categorized as borderline hypertensive. Within the borderline hypertensive group, 5 participants displayed systolic hypertension and 5 demonstrated diastolic hypertension. Three of the subjects in this group met the criteria for both systolic and diastolic hypertension. The group means for baseline systolic and diastolic pressure (128.1 Ϯ 3.9 mm Hg; 83.3 Ϯ 2.4 mm Hg) were slightly lower than the respective criteria (130 mm Hg; 85 mm Hg) for borderline hypertension. This can be explained by the fact that 4 out of 7 subjects in this group had either normal systolic or diastolic blood pressure. Absolute strength and the assigned load for the circuit of resistance exercise were similar in the 2 groups. The mean time to complete the circuit 3 times was 24.5 minutes.
Baseline blood pressures were compared between the exercise and control sessions to consider the possibility of an anticipatory elevation in blood pressure prior to exercise. There was no significant difference in baseline SBP (pre-exercise, 116.1 Ϯ 4.1 mm Hg; control, 116.7 Ϯ 3.6 mm Hg) or baseline DBP (pre-exercise, 75.1 Ϯ 2.4 mm Hg; control, 76.8 Ϯ 2.2 mm Hg) on the 2 days.
When collapsed over session and time, there was a significant main effect (p Ͻ 0.05) of group on both SBP and DBP (Figure 1 ). Borderline hypertensive subjects exhibited higher SBP and DBP (126.5 Ϯ 3.1 mm Hg; 85.4 Ϯ 1.8 mm Hg) than normotensive subjects (103.5 Ϯ 2.7 mm Hg; 69.3 Ϯ 1.6 mm Hg). The anticipated interaction between group and time was not significant. As shown in Figure 2 , the blood pressure response during recovery was the same in both groups. An analysis of covariance (ANCOVA) was performed to control for group differences in body weight on blood pressure. The results from this analysis were the same as those attained with the 3-way ANOVA with respect to blood pressure response between the 2 groups.
Means for blood pressure over the control and exercise sessions are presented in Figures 3 and 4 . When averaged across group and time, there was a main effect (p Ͻ 0.05) of session on SBP. Mean SBP was higher during the control session (116.1 Ϯ 2.1 mm Hg) compared with the exercise session (113.8 Ϯ 2.1 mm Hg). Diastolic pressures were similar to one another between sessions. The anticipated interaction between session and time was not significant in either SBP or DBP.
A significant main effect (p Ͻ 0.05) for time was detected with respect to SBP, such that SBP at 60 minutes was lower than SBP at any other time period.
Mean SBP averaged across group and session is displayed at each time period in Figure 5 . Diastolic pressure did not vary with time at any point during the investigation.
Discussion
The purpose of this investigation was to examine recovery blood pressure following a single bout of moderate resistance exercise in normotensive and borderline hypertensive women. A primary finding of the study was the reduction of SBP evident throughout the recovery period following resistance exercise. This is in contrast to blood pressure values assessed during 60 minutes of seated rest on the control day, which were 2.3 mm Hg higher. Although the difference in SBP between sessions includes baseline pressure, it is influenced more heavily by the 6 recovery values. Examination of the data reveals a 3-4 mm Hg differential in pressures at 20, 30, 40, and 60 minutes. On the other hand, baseline pressures were within 0.6 mm Hg of one another. This was not sufficient, however, to evoke a significant interaction between session and time.
Recovery blood pressures were also compared against baseline as an additional means for documenting hypotension following resistance exercise. An elevation of baseline blood pressure in anticipation of exercise could complicate the interpretation of comparisons with blood pressures taken during recovery. Participants in the current study were experienced in performing resistance exercise and were familiar with the testing station. Baseline measures of blood pressure recorded pre-exercise were not significantly different from those observed on the control day, dismissing the possibility of an anticipatory elevation of pre-exercise blood pressure. Recovery measures of SBP did not drop significantly below baseline following resistance exercise. This finding is in conflict with the lower pressures observed during recovery from exercise relative to the control session. The inconsistency could be partially attributed to a slightly lower baseline SBP prior to exercise; however, it was only 0.6 mm Hg lower than that recorded on the control day. Systolic pressure did drop below baseline by approximately 4-5 mm Hg at 20-60 minutes postexercise; however, this was not sufficient to reach statistical significance.
The inconclusive findings of the current study mirror what has been reported in the literature with respect to systolic postexercise hypotension following resistance exercise. MacDonald et al. (15) observed a decrement in intra-arterial pressure of 7 mm Hg from 30 to 60 minutes of recovery following resistance exercise.
Postexercise hypotension was absent in other studies addressing recovery from resistance exercise (4, 16) . The full duration of hypotension during recovery from resistance exercise is also unknown. To this point, researchers studying this phenomenon have employed a 60-minute recovery period (4, 11, 15) . The only exception is O'Connor et al. (16) , who monitored blood pressure for 120 minutes post-resistance exercise, but failed to induce a hypotensive response. In the current investigation, SBP appears to be slightly depressed through the end of the 60-minute recovery during the exercise session. This was also the case with MacDonald et al. (15) . Thus systolic hypotension may persist beyond 60-minute post-resistance exercise.
In the present investigation, DBP returned to baseline within 10 minutes following cessation of resistance exercise and remained close to pre-exercise levels throughout recovery. There was also no difference in DBP recorded on exercise and control days. These findings are in agreement with MacDonald et al. (15) . In contrast, Brown et al. (4) and Hill et al. (11) observed diastolic hypotension lasting 15 and 60 minutes, respectively, following resistance exercise. Conflicting results regarding recovery blood pressure may be related to differences in body position during exercise and recovery. In most cases, body posture alternated between seated and standing positions as subjects performed the circuit of resistance exercise (4, 11) . The exception is MacDonald et al. (15) , in which subjects maintained a seated position throughout baseline, exercise, and recovery. Although most researchers used the seated position during recovery, Hill et al. (11) , who reported a sustained drop in DBP, had subjects assume a standing position through the recovery period. In the current study, subjects were seated in 4 of the 5 exercises, as well as throughout the recovery period.
A reduction of blood pressure has been observed following various submaximal intensities of aerobic exercise ranging from 40 to 70% of maximal oxygen consumption (14) . At this point it is difficult to characterize a specific training volume of resistance exercise that will result in postexercise hypotension. Resistance exercise performed at intensities ranging from 40 to 70% of the 1RM for approximately 15-20 minutes has produced a drop in either SPB or DBP during recovery (4, 11, 15 ). Yet O'Connor et al. (16) reported that 30 minutes of resistance exercise at 40, 60, and 80% of the 1RM did not result in hypotension. In fact, SBP was elevated above baseline for 15 minutes following exercise at 80% of the 1RM and for 1 minute following exercise at 60% of the 1RM.
Contrasting results in the literature regarding recovery blood pressure and resistance exercise may be attributed to the preexisting level of resting blood pressure. Within the literature concerning aerobic exercise, it is clear that individuals with higher baseline pressures have a greater propensity toward postexercise hypotension than those with relatively low blood pressure (7, 10, 17) . A baseline pressure of 110/70 mm Hg was recorded in studies by O'Connor et al. (16) and Brown et al. (4) ; neither of which reported a sustained reduction in recovery blood pressure. Recovery hypotension, however, was noted in young, active men with a baseline SBP of 130 mm Hg taken just prior to insertion of a catheter for intra-arterial monitoring (15) . In the current study, the small drop in SBP during recovery from exercise was demonstrated across groups in both normotensive (average baseline SBP, 105.9 mm Hg) and borderline hypertensive (average baseline SBP, 128.1 mm Hg) subjects. Closer examination of the data revealed a higher incidence of postexercise hypotension in the borderline hypertensive group. Five out of 7 (71%) borderline hypertensive subjects experienced a consistent decrement of SBP below baseline (Ϫ7 mm Hg) similar to that reported by MacDonald et al. (15) . One of the 2 subjects who did not show a drop in SBP had been placed in the borderline hypertensive group under criteria for elevated diastolic, rather than systolic, pressure. Furthermore, only 3 out of 9 (33%) normotensive subjects had a sustained hypotensive response during recovery.
Several mechanisms have been proposed to account for the drop in blood pressure during recovery from exercise. Both central and peripheral hemodynamic factors have been implicated as potential contributors to postexercise hypotension (14) . A reduction in peripheral resistance has been reported during recovery from aerobic activity (5, 18) . The fall in peripheral resistance may be related to thermoregulatory vasodilation (8) , suppression in sympathetic nerve activity (5, 6), or to the release of vasodilator metabolites from skeletal muscle (4, 11, 14) . An accumulation of metabolites may be of particular interest with resistance exercise, which is associated with a greater reliance on nonoxidative metabolic pathways. Hill et al. (11) attributed a sudden dramatic drop in SBP immediately following heavy resistance exercise to a reduction in venous return and the removal of mechanical resistance to blood flow and a subsequent lowering of peripheral resistance. Blood pressure returned to a level just below baseline within 1 minute from the cessation of exercise. The relatively light load imposed in the current study neither is likely to produce a significant compression of blood vessels, nor should it result in a precipitous drop in blood pressure immediately postexercise. The role of central hemodynamic variables in postexercise hypotension has yet to be elucidated. Some researchers have reported a reduction in cardiac output and stroke volume following aerobic exercise (7, 9) , whereas others have found an elevation of these parameters (5). More recently, Rueckert et al. (18) observed a biphasic hemodynamic pattern characterized by a drop in peripheral resistance during the initial 20 minutes of recovery and a decrease in cardiac output from 50 to 120 minutes following aerobic exercise. Additional research is needed to better define the role of hemodynamic variables in hypotension following aerobic, and particularly resistance, exercise.
Practical Applications
In the present study, there was a slight reduction of SBP through 60 minutes of recovery following moderate resistance exercise. This phenomenon was particularly evident in individuals with mild elevation of resting SBP. Thus a regimen of mild resistance exercise may be helpful in the management of hypertension. The majority of literature has focused on the benefits of aerobic exercise on blood pressure. Additional study is needed to delineate the role of acute and chronic resistance exercise in achieving healthy levels of resting blood pressure.
